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a b s t r a c t

Despite active development, solid oxide fuel cells (SOFCs) based on Ni-YSZ anodes still suffer from ther-
momechanical instability under conditions where the anode side is exposed to oxidising conditions at
high temperature. In the first part of the paper, structures and solutions, which could improve the redox
stability of Ni-YSZ anode supported SOFC’s in terms of dimensional and mechanical stability are reported.
Porosity is identified as a major microstructural parameter linked to the dimensional and structural sta-
bility during redox cycling. The cumulative redox strain (CRS) after three isothermal redox cycles at 850 ◦C
OFC
edox stability
i-YSZ

mpedance spectroscopy

increases by a factor of more than 20 when the as-sintered porosity of the composites is reduced from
34 to 9%. The effect of reduction and redox cycling on the Ni-YSZ anode are discussed in light of electro-
chemical measurements using impedance spectroscopy on symmetric cells. When the symmetric cells are
reduced and redox cycled isothermally at 850 ◦C, no major change in the serial or polarisation resistance
of the cell and electrodes was measured. When the cells are, after the similar initial reduction treatment,

◦ e ser
redox cycled at 650 C, th
decreased by about 60%.

. Introduction

Solid oxide fuel cells (SOFCs) continue to be a promising energy
onversion technology for environmentally benign power genera-
ion, capable of utilising different hydrocarbons as well as hydrogen
s the fuel [1]. Despite active search for alternatives such as fully
eramic or nickel-free anodes, Ni-YSZ composites are still widely
sed fuel electrodes [2–4]. Such cermets often also serve as struc-
ural materials for the electrochemical devices, either in planar or
ubular designs. A generally known drawback of the Ni-based cells
s that they are susceptible to thermomechanical instability when
he anode side is exposed to oxidising conditions at high temper-
ture. While many of the fundamental degradation mechanisms
f the SOFC are currently known and strategies exist on how to
vercome them, the problem of redox stability remains as a one of
he cumbersome tasks [5]. Oxidation of the Ni contained within
he porous composite into NiO entails a substantial volumetric
xpansion that exerts large stresses on the ceramic backbone of

he composite. The re-oxidation of an operating cell can lead to

echanical rupture, leaks, and in the worst case a catastrophic fail-
re of the SOFC. The solutions to the redox stability problem of SOFC
an be approached at many levels: with SOFC system control and
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ial resistance remains almost unchanged but the polarisation resistance

© 2009 Published by Elsevier B.V.

design, by design of cell and stack geometry, or through materials
selection as well as optimisation of the microstructure and com-
position of the anode half cell. The optimal and most cost effective
way to design the cell, the stack and the system depends on sev-
eral factors such as system size, typical or required load profiles
and the level of safety and automation systems. For example, elab-
orate safety or purge gas systems may not be affordable in small
scale systems and therefore the durability of the cell itself plays a
central role. To circumvent the redox stability problems in practical
SOFC systems, the optimal solution is to have a system composed
of robust, redox stable cells that can withstand partial or even full
re-oxidation without significant losses to their functionality.

Different strategies to mitigate the redox instability at cell level,
that is, of a single repeating unit (SRU), comprise geometrical design
of the cell, materials selection and microstructural design of the
structural components. Geometrically, both the “1st generation”
thick electrolyte supported cell and the micro-tubular SOFC are
more robust to thermal or redox cycling as compared to the thin
electrolyte anode supported cell [6–9]. On anode supported elec-
trolyte (ASE) SOFC, Wood et al. discussed different approaches to
improve redox stability [10]. On the selection of materials, novel
compositions such as fully ceramic Ni-free anodes, e.g. [11], are
being developed, but their technological viability in terms of repro-

ducibility, durability and cost remains to be proven. The redox
properties of an ASE cell based on Ni-YSZ can be tackled through
processing by variations in microstructure and composition. The
impact of microstructure on the stability of Ni-YSZ cermets has been
addressed in thermomechanical, dimensional and kinetics studies.

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:mikko.pihlatie@iki.fi
mailto:mikko.pihlatie@vtt.fi
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oth Itoh et al. and Waldbillig et al. report that they have found more
table structures when implementing composites with coarser par-
icles [12,13]. Even though the coarser phase for Itoh et al. was
irconia and for Waldbillig it was Ni/NiO, the basic effect of this
odification is likely to be the same, that is, to slightly increase the

orosity of the sample. Waldbillig et al. state the anticipated posi-
ive effect to redox stability from slightly reducing the Ni content;
t the same time it must be ensured that sufficient Ni percolation
emains [14]. It has been established by mechanical modelling that
he ASE can withstand about 0.1–0.2% expansion of the support-
ng composite during redox cycling without cracking [7,15,16]. This
evel of dimensional stability of the supporting composite thus con-
titutes a suitable target level, which could enable an intact cell after
redox cycle without resorting to additional tricks such as func-

ionally graded structures [14] or novel but more labour consuming
anufacturing techniques like Ni infiltration [17].
Waldbillig et al. [14] investigated the effect from two function-

lly graded modifications: a twin-layered graded anode having less
ickel in the layer next to the electrolyte to alleviate stress con-
entration, and a more dense (air) diffusion barrier layer at the
ackside of the anode support to slow down re-oxidation kinet-

cs. The authors reported that both of these variations improved
edox tolerance by reducing the electrochemical performance loss
f the cell. Busawon et al. [17] report dimensional stability and
air electrical conductivity on pre-sintered porous YSZ backbones
here 12–16 wt.% Ni was infiltrated into the YSZ structure. The chal-

enge with this kind of approach is whether or not suitable and
ost-effective techniques can be found for up-scaled production.
arantaridis et al. [18] have shown the importance of the oxida-
ion procedures for the thermomechanical behaviour and failure

odes of the ASE cells. While the investigated cells could toler-
te a Degree of Oxidation (DoO) of about 50% when exposed to air
rom the backside (anode side flow channels), an electrochemically
riven oxidation by oxygen arriving across the electrolyte resulted

n cell failure already at a DoO of about 5%. Therefore, the results
ndicate that a local (fast) oxidation in the anode–electrolyte inter-
ace where the anode is relatively dense is the worst operation mode
f the cell and generates a stress peak at the electrolyte. This type
f situation might arise e.g. on extreme cell loading with fuel util-
sation approaching 100% when the local p(O2) could approach or
xceed that needed for oxidation of Ni or, to a lesser extent, through
ast communication of oxygen through the backside of the anode
upport to a more dense anode in a design where the anode support
s very porous.

Besides the thermomechanical degradation and failure due
o redox cycling of Ni-based ASE cells, the electrical and
lectrochemical effects are naturally of interest. The thermome-
hanical degradation of the Ni-YSZ cermet, detachment of the
node/electrolyte interface and failure of the electrolyte result in
oss of electrochemical reaction sites, ionic conduction paths as well
s loss of fuel, generally observed as performance loss of the cell.
n many occasions, especially on full re-oxidation, the integrity of
he ASE is lost so that the performance of the anode after the redox
ycle is impossible to assess. The DC electrical conductivity of Ni-
SZ composites with coarse Ni has been reported to increase from
00 to 1000 S cm−1 upon a redox cycle at 850 ◦C by Grahl-Madsen
t al. (the in-plane conductivity also given at 850 ◦C) [19]. Young et
l. report an increase in DC electrical conductivity of Ni-YSZ anode
upport cermets as a function of redox cycles at 800 ◦C, whereas the
onductivity in an anode composite, presumably having another
icrostructure decreased. The electrochemical performance of the
node improved on redox cycling at 800 ◦C for both the serial and
olarisation resistance, as long as the ceramic backbone and the
lectrolyte remained intact [20].

The redox instability mechanism due to the sintering of nickel
as been discussed by Klemensø et al. [21]. It has been demon-
Sources 193 (2009) 322–330 323

strated that the dimensional stability on redox cycling is very
dependent on the conditions under which the reduction and
re-oxidation takes place. The main operation conditions affect-
ing redox stability are temperature and humidity. Both of them
affect the growth of Ni particles in the reduced state through
particle coalescence and sintering. In addition to Ni sintering,
the temperature of re-oxidation plays a significant role for the
dimensional behaviour in that re-oxidation at high temperature
(850 ◦C or above) leads to larger redox expansion [22,23]. Addition-
ally, the dimensional changes and the resulting thermomechanical
behaviour depend closely on the composite microstructure as will
be shown in the present paper. While the supporting composite
can be optimised for structural and dimensional stability, electri-
cal conduction and gas transport, the anode itself has less free
microstructural parameters to be modified since it should retain
its good electrochemical performance. Therefore, we deem it jus-
tified to pursue examining both the dependence of the cermet
dimensional response on some microstructural variations, and the
effect of redox cycling as well as the temperature of redox cycling
on the electrochemical performance of the anode with a typical
microstructure. This paper addresses thermal analysis, including
dimensional behaviour from dilatometry and reduction–oxidation
kinetics from thermogravimetric analysis (TGA), of a few different
processing variants of Ni-YSZ composites. The second part of the
paper assesses the electrochemical performance and microstruc-
ture of symmetric cells with Ni-ScYSZ anodes, before and after
redox cycling at different temperatures. In a related work, we plan
to implement modified ASE cells and test them for redox stability
in comparison with standard cells.

2. Experimental

2.1. Ni-YSZ cermets

The cermets tested were manufactured from commercial NiO
and 3YSZ powders using standard ceramic processing techniques
and equipment. The powders were ball milled in ethanol-based
slurries using dispersants and organic binders. The green tapes
were cut into a number of sibling pieces for use in either TGA or
dilatometry, and sintered at 1300–1400 ◦C. The as-sintered sizes of
the dilatometry samples were about 5 mm × 24 mm, while the TGA
samples were about 5 mm × 15 mm with a Ø2.5 mm hole in one
end. The thickness of the tested samples varied, depending on the
thickness of the tape cast, between 0.3 and 0.8 mm. The baseline
samples were similar to those reported in [22,23]. Different modi-
fied composites were prepared using the same ceramic processing
route and by varying the particle size distributions of NiO and YSZ.
The size distributions of powders were measured using a Beckman
Coulter laser diffraction instrument. Table 1 shows the available
open and total porosities of the samples. The open porosities were
measured by mercury intrusion porosimetry using a Micromeritics
instrument. The total porosities were determined by geometrical
measurements for larger samples as described in [24]. The total
porosities in the reduced state of the baseline samples are about
35–40%, for sample A about 29% and for the modified samples D–N
up to about 52%. Different variants of the industrial grade NiO pow-
der used comprised pre-milled uncalcined, calcined, and powder
doped with secondary oxides of either Mg, Al or Ce. The secondary
oxide coatings were implemented through application of oxide
precursors during ceramic processing. It should be stressed that

there are several overlapping processing parameters fundamentally
affecting the as-sintered microstructure, porosity and subsequent
redox stability of the composites. These parameters include the sin-
tering time and temperature, the particle size distributions of the
powders and the sintering characteristics of each powder or raw
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Table 1
List of samples tested in dilatometry with details on Ni treatment, sintering, and
porosity.

Sample name Ni treatment Sintering T (◦C), 12 h Total p (%) Open p (%)

A NiO 1300–1320 9a 7
B NiO 1300–1320 14a 12
C—baseline NiO 1300–1320 14 12
D NiO 1350–1370 26 –
E NiO 1300–1320 33 –
F NiO 1300–1320 28 –
G NiO calcined 1350–1370 31 –
H NiO calcined 1320–1340 33 –
I NiO + Al2O3 1350–1370 27 –
J NiO + MgO 1350–1370 38
K NiO 1350–1370 34 –
L NiO 1390–1410 30b –
M NiO + CeO2 1350–1370 37 –
N b
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NiO + CeO2 1390–1410 34 –

a Estimated value based on the open porosity measurement.
b Determined from the smaller dilatometry sample, thus a less accurate value.

aterial. In addition, particle shape, surface morphology and pack-
ng as well as the rheological quality of the colloidal suspension
sed also play a role.

Thermal analysis was carried out using a Netzsch 402 CD dif-
erential dilatometer for dimensional behaviour and a Netzsch STA
09 CD thermo gravimeter for studying the reduction–oxidation
eaction. Both instruments were equipped with a gas control unit
apable of programmed mixing of up to three different gases. The
xperimental approach was similar to that employed in [22,23],
lthough only tests in dry gas were carried out. The dilatometer
uns were identical in the thermal and gas change programmes,
ere obtained isothermally at 850 ◦C and comprised three redox

ycles. The samples were exposed to an air flow in the following
ime intervals following the start of the initial reduction: 740–980,
380–1620 and 2020–2260 min, which correspond to the 1st, the
nd and the 3rd redox cycles, respectively. A 20 min flush of N2 was

mplemented prior to each oxidising-reducing gas change. The gas
ow was 100 ml min−1 in all dilatometer tests and 100 ml min−1

ir/N2/9% H2 in N2 + 6 ml min−1 N2 (sample gas plus gauging sec-
ion protective gas) for the TGA experiments. The dimensional
hange due to redox cycling during the dilatometer experiments
s expressed in terms of cumulative redox strain (CRS), which gives
he accumulating length change of the dilatometer sample during
edox cycling under isothermal conditions, relative to the initial
old state sample length, dL/Lo. Since the CRS curve typically shows
maximum peak value followed by relaxation as a function of time,

he parameter CRSmax more specifically refers to the maximum
ength change as a function of redox cycling. The degree of redox
eversibility (DRR) is a measure of how much of the strain induced
y the re-oxidation is recovered upon subsequent re-reduction; the
alue of 1 indicates full strain reversibility during a redox cycle
22]. The degree of the reduction–oxidation reaction is expressed
n terms of the weight fraction of Ni oxidised, DoO [23].

.2. Symmetric cells

The impact of re-oxidation and re-reduction on anode per-
ormance and microstructure was evaluated by electrochemical
mpedance spectroscopy (EIS) and scanning-electron microscopy
SEM), using symmetric cells with anode. The tests were performed
n specially designed rigs, which allow the evaluation of four sym-

etric cells per test run. A brief schematic of the test set-up can be

een in Fig. 1.

The cells were manufactured solely by tape-casting, and con-
ained a Sc-doped YSZ (ScYSZ) thick electrolyte (∼140 �m) and
i-ScYSZ cermet anodes (∼30 �m). After sintering at an appropri-
Fig. 1. Schematic of the electrochemical setup for symmetric cell testing.

ate temperature, the samples were cut into 6 mm × 6 mm pieces
and spray-painted with a Ni-YSZ slurry for current collection. Two
independent tests were performed, A and B, both following a sim-
ilar test protocol during the initial stages (fingerprinting). Unless
otherwise stated, all gas flows were 100 ml min−1 and all samples
were allowed to equilibrate for a period of 30 min at each new tem-
perature and/or gas atmosphere before EIS measurements were
performed. The heating/cooling ramp was 1 ◦C min−1. The cells
were heated up in air to the nominal temperature of 1000 ◦C and
allowed to equilibrate for 10 min before the air supply was stopped
and the remnant air flushed out by a flow of N2 for 30 min. At the
end of the flush, a H2 flow saturated in water at room temperature
(∼3% H2O) was introduced and the samples reduced for 20 min.
The furnace was then allowed to cool down to the nominal tem-
perature of 850 ◦C and the first EIS measurements were performed.
From this point onwards, test A and test B differ. In test A, normal
fingerprinting was continued by cooling the furnace to the nomi-
nal temperatures of 750 and 650 ◦C. Following these measurements,
the H2 supply was stopped, the chamber flushed with N2 and the
air flow re-started for a period of 12 h at the nominal temperature
of 650 ◦C. After a new N2 flush, the 97% H2 + 3% H2O flow was re-
introduced. The first EIS measurements were performed 120 min
after the start of the re-reduction procedure. Another six sets of
measurements were performed under the same conditions, at fixed
intervals, in order to assess the impact of re-reduction time on the
performance. The redox cycle in test B was the same as previously
described for test A, but performed at the nominal temperature of
850 ◦C instead of 650 ◦C. Additional measurements were performed
in test B at 650 ◦C for comparison with those obtained in test A at the
same nominal temperature. An extra set of EIS measurements was
performed, for both tests, at the nominal temperature of 300 ◦C, to
check for electrolyte integrity. Following this final check, the sam-
ples were cooled down to room temperature in safety gas, i.e., 9%
H2 + N2. A third test, reference test, was performed following the
same procedure as that used for test A, but without the redox cycle,
i.e. the samples were fingerprinted between 850 and 300 ◦C with
no re-oxidation stage. All samples were then molded in epoxy, cut,
ground and polished before inspection by electron microscopy.

The impedance measurements were performed at open circuit

voltage (OCV) using a Solartron SI1260 impedance/gain phase anal-
yser, with 24 mV amplitude, in the frequency range of 0.05 Hz to
1 MHz. The post-test microstructural analysis was performed on a
Hitachi TM1000 Tabletop microscope. All impedance spectra were



ower Sources 193 (2009) 322–330 325

c
e
(
t
d
t
p
t

3

3

J
T
8
F
a
2
H
1

F
a
l

F
d
p
a

M. Pihlatie et al. / Journal of P

orrected for inductance (typical values of 10−8 H) and used to
xtract the ohmic losses (Rs) and the total polarisation resistance
Rp). The Rs value corresponds to the high frequency intercept of
he impedance with the real axis, whereas Rp corresponds to the
ifference between the high frequency intercept and the total resis-
ance at the limit f → 0 Hz. The Rs values were also corrected for
re-determined ohmic contributions arising from the Pt leads in
he experimental setup.

. Results

.1. Ni-YSZ cermets

Fig. 2 shows backscattered electron (BE) micrographs using a
EOL LVSEM from polished cross-sections of as-sintered sample B.
he dimensional behaviour during three isothermal redox cycles at
50 ◦C of selected Ni-YSZ composites, samples A–H, are shown in
ig. 3. The dimensional stability shows great differences; the CRSmax
fter three redox cycles of the most unstable sample (A) is more than
0 times the CRSmax of the most dimensionally stable one (sample
). The CRSmax points for each of the three redox cycles from totally
4 different tests with undoped Ni, including those shown in Fig. 3,

ig. 2. Polished cross-section BE-SEM micrograph after sintering of sample B having
microstructure close to the baseline sample and undoped NiO. Darker gray is NiO,

ighter gray is YSZ and black areas are porosity.

ig. 3. Cumulative redox strain (CRS) as a function of time from the initial reduction
uring three isothermal redox cycles of different Ni-YSZ cermets at 850 ◦C. The zero-
oint on the CRS scale corresponds to the sample length prior to the initial reduction
t the same nominal temperature.
Fig. 4. Maximum cumulative redox strain (CRSmax) values obtained in isothermal
redox cycling dilatometry comprising three redox cycles, as a function of estimated
total porosity of different Ni-YSZ cermets.

are plotted in Fig. 4 as a function of the estimated total porosity of
the samples. The DRR values pertaining to the same experiments
are shown in Fig. 5. The most stable undoped cermets G and H
have CRSmax approaching the target value of 0.1%, and a DRR of
close to unity. With decreasing porosity, the CRSmax values increase
and DRR decrease. Macroscopic damage and in some cases sample
buckling could be visually observed after the three redox cycles in
samples A–C. The higher porosity samples D–H were visually intact
and straight after the redox experiments.

Fig. 6 shows results from isothermal dilatometry of Ni-YSZ com-
posite samples G, I and J. In these variants the NiO treatment
affected the sintering behaviour as can be observed from the geo-
metrically estimated total porosities of the materials shown in
Table 1. Fig. 7 shows the results from redox dilatometry of sam-
ples K–N. The deduced CRS and DRR values shown in Figs. 6 and 7
are collected in Table 2. The cermet with undoped NiO (sample G)
in Fig. 6 show relatively stable CRS at around 0.2% and a DRR close
to unity. The cermet with the Al-doped Ni (sample I) is slightly
denser than the rest of the cermets with doped or calcined NiO in

Table 1; this could be one reason for the DRR being lower than in
the other cermets. The Mg-doped sample J shows the highest ini-
tial CRS, though it decreases with redox cycling; the DRR values
are very high. In Fig. 7, the CRS of the Ce-doped sample M remained
below the target level during the experiment with a minor decrease

Fig. 5. The degree of redox reversibility (DRR) in isothermal redox cycling dilatom-
etry comprising three redox cycles, as a function of estimated total porosity of
different Ni-YSZ cermets.
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Fig. 6. Cumulative redox strain as a function of time from the initial reduction during
three isothermal redox cycles at 850 ◦C of Ni-YSZ cermets with either pre-calcined
NiO (sample G) or NiO doped with Al (sample I) or Mg (sample J). The zero-point on
the CRS scale corresponds to the sample length prior to the initial reduction at the
same nominal temperature.

Fig. 7. Cumulative redox strain (CRS) as a function of time from the initial reduction
during three isothermal redox cycles at 850 ◦C of Ni-YSZ cermets with either as-
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Fig. 8. Dimensional change due to the phase change and the degree of oxidation as

T
T
v

S

K
G
I
J
M
L
N

eceived NiO (samples K and L) or NiO doped with Ce (samples M and N), K and M
intered at 1350–1370, and L and N at 1390–1410 ◦C. The zero-point on the CRS scale
orresponds to the sample length prior to the initial reduction at the same nominal
emperature.

n CRSmax on redox cycles, equal to the DRR being slightly in excess
f unity. The CRS of the Ce-doped sample N was close to that of the

◦
ndoped sample K with similar porosity, sintered at 1360 C.
The dimensional response together with the DoO versus time of

NiO/Ni-YSZ composite with a typical baseline microstructure is
hown in Fig. 8a for isothermal reduction and in Fig. 8b for isother-
al re-oxidation at 850 ◦C for the sample previously reduced at

able 2
he cumulative maximum redox strain CRSmax and redox strain reversibility DRR as a fun
ariants.

ample CRSmax (%)

1st redox 2nd redox 3rd

(NiO uncalcined) 0.17 0.18 0.20
(NiO calcined) 0.18 0.20 0.22

(NiO + Al2O3) 0.12 0.17 0.22
(NiO + MgO) 0.35 0.26 0.14

(NiO + CeO2) 0.09 0.08 0.07
(NiO uncalcined) 0.25 0.29 0.30
(NiO + CeO2) 0.21 0.24 0.25
a function of time of a Ni/NiO-YSZ composite with a typical baseline microstructure,
during (a) isothermal reduction of an as-sintered sample, and (b) re-oxidation of a
pre-reduced sample.

850 ◦C. The thickness of the TGA sample has been rescaled, affect-
ing the time axis, to correspond to the thickness of the dilatometry
sample as described in [23]. The dilatometry sample shown in
Fig. 8b buckled at about 15 min into oxidation so that the final
CRSmax could not be measured, therefore also the decrease in the
dL signal in Fig. 8b after 15 min is not related to thermomechani-
cal relaxation, but due to the buckling of the sample. Nevertheless,
the dL–DoO behaviour prior to the dilatometry sample buckling

is relevant. Fig. 9 shows the dimensional behaviour and reaction
kinetics of a NiO/Ni-YSZ composite with a modified microstructure
and undoped Ni. Fig. 9a corresponds to isothermal reduction and
Fig. 9b to isothermal re-oxidation of the reduced sample at 850 ◦C.

ction of the number of redox cycles of porous Ni-YSZ composites with different NiO

DRR

redox 1st redox 2nd redox 3rd redox

0.91 0.99 1.01
0.88 0.98 1.01
0.74 0.84 0.86
0.86 1.39 1.33
0.93 1.04 1.08
0.87 0.96 0.98
0.92 0.97 1.01
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Fig. 10. Nyquist plots of representative impedance data recorded at OCV in 97%
H2 + 3% H2O: at 850, 750 and 650 ◦C before re-oxidation and 10.2 h after the start of
the re-reduction stage (test A, top); at 850 ◦C before re-oxidation, 850 ◦C at 10.2 h
after the start of the re-reduction stage and 650 ◦C after the redox cycle (test B,
bottom).

of re-reduction at 650 ◦C the cell exhibits an Rp that is more than
60% lower than the starting value (before redox). The performance
slightly deteriorates after 10.2 h, but no further significant changes
can be seen from then on and up to 18.2 h of exposure to 97% H2 + 3%
ig. 9. Dimensional change due to the phase change and the degree of oxidation as a
unction of time of a Ni/NiO-YSZ composite with a modified microstructure, during
a) isothermal reduction of an as-sintered, and (b) re-oxidation of a pre-reduced
ample.

.2. Symmetric cells

Fig. 10 shows representative Nyquist plots of the recorded
mpedance data for test A and test B, while Figs. 11 and 12 show
he variation of the determined area specific Rs and area specific Rp

s a function of temperature. The results obtained for test A before
he 12 h re-oxidation show the expected increase in both Rs and Rp

ith decreasing temperature. Also shown are the Rs and Rp obtained
t 650 ◦C, approximately 10.2 and 18.2 h into the re-reduction pro-
ess. These are approximately 60% lower (0.45 ± 0.01 � cm2 10.2 h
nto re-reduction) than those obtained before re-oxidation, with
o significant changes observed for Rs at the showed times. Test
, where the re-oxidation temperature was increased to 850 ◦C,
xhibits a very different behaviour. At 10.2 h into the re-reduction
rocess, the differences in Rp and Rs are negligible when compared
o those before re-oxidation. Once cooled to 650 ◦C and compared
o the values obtained at the same nominal temperature during fin-
erprinting in test A, i.e., before re-oxidation, significantly poorer
node performances can be seen for cells in test B. If Figs. 11 and 12
re examined, it is possible to see that very similar values of Rs and
p are obtained during fingerprinting at 850 ◦C for both tests. Hence,
oor cell reproducibility cannot account for the measured poorer

erformance. Also notice that the impact on Rp was significantly
reater than that seen for Rs.

Fig. 13 shows the impact of re-reduction time on performance.
he Nyquist plots of the recorded impedance data exemplify the
ehaviour for one cell for each test. In test A, 2.2 h after the start
Fig. 11. Area specific polarisation resistance, Rp, as a function of temperature for test
A, with a redox cycle performed at 650 ◦C, and test B, with a redox cycle performed
850 ◦C. Post-redox cycle values correspond to the measurements performed at 10.2
and 18.2 h into the re-reduction process.
Fig. 12. Area specific series resistance, Rs, as a function of temperature for test A,
with a redox cycle performed at 650 ◦C, and test B, with a redox cycle performed
850 ◦C. Post-redox cycle values correspond to the measurements performed at 10.2
and 18.2 h into the re-reduction process.
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Fig. 14. Cross-section micrographs of representative symmetric cells after (a) refer-
ence test with fingerprinting between the nominal temperatures of 850–300 ◦C, (b)
with redox cycle performed at the nominal temperature of 650 ◦C (test A) and (c)

◦

ig. 13. Nyquist plots of impedance data obtained during test A or test B, exempli-
ying for one single cell changes in impedance spectra as a function of re-reduction
ime at 650 or 850 ◦C, after a re-oxidation period of 12 h at the same nominal tem-
erature.

2O. A small, but progressively increase of Rs can be seen with
ncreasing re-reduction time. Analysing the impedance data for test

in a similar way, Fig. 13 shows that the impact of re-reduction
ime at 850 ◦C is very different. After a short exposure (∼2.2 h) an
mprovement in Rp can be seen, although not as significant as that
bserved for test A at 650 ◦C. For this particular exposure time, a sig-
ificant decrease in Rs is also seen. The performance improvement
radually disappears with further exposure time and, at 18.2 h, the
re-redox Rs and Rp values are approached.

Fig. 14 shows micrographs of tested cells after (a) the refer-
nce test performed between 850 and 300 ◦C, where they have not
een subjected to a redox cycle, (b) after a redox cycle performed
t 650 ◦C (test A) and (c) after a redox cycle performed at 850 ◦C
test B). All samples exhibit quite distinct microstructures and their
mpact on performance will be further evaluated and discussed. All
amples were visually intact after testing.

. Discussion

.1. Ni-YSZ cermets

The operating conditions affect redox stability as was briefly
iscussed in the introduction. Additionally, the microstructure of
he Ni-YSZ composite plays an equally important role as has been
eported by several research groups and is very evident from the
resent data. We have identified the porosity of the sample as a
ajor parameter affecting the dimensional stability in terms of both

he CRS and DRR. The CRS after three isothermal redox cycles at
50 ◦C increases by a factor of more than 20 when the total poros-

ty of the composite is reduced from 34 to 9%. For the same change
n porosity the DRR reduces from 0.9–1 to 0.2–0.3. In light of the
nown effect from Ni sintering, the mechanism of redox instability
nd the impact of the re-oxidation temperature [21,22], the role of
he porosity is to accommodate the volumetric expansion of the
i phase when oxidised to NiO. The porosity dependence of CRS
nd DRR shown in Figs. 3–5 indeed shows that an increase in the
orosity of the sample decreases the CRS on repeated redox cycles

ramatically. Even though porosity is the single most important
icrostructural parameter affecting the dimensional stability, it is

ot the only one; others might be slightly masked by the effect from
he total porosity. A closer examination of Figs. 4 and 5 shows that
wo of the high porosity samples (p > 30%) exhibit a CRSmax above

with redox cycle performed at the nominal temperature of 850 C (test B).
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.5% after the 3rd redox cycle, and lower DRR as compared with the
est of the high porosity samples. These samples could be identi-
ed as arising from the tape from which sample E was taken and a
ibling tape of that, but sintered at a higher temperature than sam-
le E. Possible effects from a higher sintering temperature include,
esides the total porosity, the fraction of open porosity and the pore
ize distribution, as well as grain growth during sintering. Although
o quantitative information on pore size distributions is presented
ere, the pore size distributions of the low and high porosity com-
osites can be expected to be different so that the high total porosity
amples have also a larger fraction of large pores.

Figs. 8 and 9 show the combined dilatometry-TGA results for the
aseline and a modified composite, respectively, and give further

nsight into the dimensional behaviour of the cermets. The base-
ine cermet shows very little dimensional change upon the initial
eduction at 850 ◦C, Fig. 8a, whereas the modified cermet exhibits
contraction of about 0.16% after an induction period of approxi-
ately 20 min; the DoO at this point into the reduction is about 0.35.
s also discussed in [23], we believe this is related to the different
elaxation behaviour of the Ni/NiO phase in the two composites. The
nitial reduction of the modified composite is considerably slower
han of the baseline sample – full reduction is only reached after
–6 h under reducing conditions. This means that even though the
otal porosity of the modified sample is higher than the baseline
ample, the local microstructure in the NiO phase is different in a
ay that leads to slower reduction kinetics. As a comparison, the

sothermal reduction time of the baseline sample is about 20 min.
he stress relaxation in partially reduced Ni/NiO phase is much
lower than in fully reduced Ni, therefore in the modified sam-
le the reduction shrinkage of Ni is partially transformed into the
eramic backbone in the modified cermets and a bulk contraction
uring reduction is observed. On re-oxidation the baseline sample
tarts to show redox strain about 5 min after the change of the atmo-
phere into oxidising. This corresponds to about 0.4–0.5 in terms of
oO, Fig. 8b. The modified sample also shows an induction period of
bout 5 min until the re-oxidation strain appears, Fig. 9b. The rate of
ength change is, however, slower than for the baseline sample and
he onset of expansion takes place at a higher DoO, about 0.8. It is
oteworthy that the measured re-oxidation kinetics of the modified
ample is faster than for the baseline sample. This could be due to
he good access of air into the cermet through the high open poros-
ty of the modified sample. Although the present data does not give
he possibility to assess this, possibly also pathways for gaseous
xygen diffusion into the Ni-rich phase exist, e.g. through cracks
f micro-fissures developing during the oxidation. As discussed in
23], the internal stresses in the NiO both from the oxidation pro-
ess itself and the structural stresses arising from the expanding
iO-YSZ backbone can be several hundred MPa in magnitude.

One clear effect from the Ni doping on the cermets produced is
he resulting variation in the as-sintered porosity. As was observed
rom the CRS and DRR variation of the undoped samples, the
orosity variation directly affects the dimensional behaviour due
o the different microstructures. The effect of the dopants on the
ctual sintering and redox behaviour of the Ni/NiO phase, if the
icrostructures were the same, is more difficult to assess directly

ue to the different porosities of the samples. We believe that the
se of dopants is a potential way of tailoring cermets and improv-

ng the redox stability, but conclusive statements in this area require
dditional work. The effects of the dopants on the Ni sintering and
lectrical performance are an intended subject of a related paper.
.2. Symmetric anode cells

The relation between anode polarisation resistances and redox
tability with microstructure has long been established. Thus, in
rder to explain performance results the microstructures must
Sources 193 (2009) 322–330 329

be evaluated and compared. Fig. 14 shows micrographs of tested
cells. It has been reported that successive redox cycles progres-
sively decrease the NiO particle sizes [25] and that NiO particles
formed from re-oxidation have a spongy-like structure with a
higher-porosity than the as-sintered NiO [26]. If the reference cell
(Fig. 14a) is directly compared to that of test A (Fig. 14b), redox
cycled at 650 ◦C, the differences in microstructure are obvious. The
cell from test A exhibits significantly smaller Ni particles and the
presence of pores within the Ni grains can also be seen. It is known
that highly dispersed fine grains of Ni and ceramic component in
the cermet anode contribute to the increase of the triple phase
boundary length (the electrochemical reaction area), thus leading
to improved performances [27–30]. The microstructural changes
seen for test A cells can thus justify the very large improvement
seen in the polarisation resistances. On the other hand, the absence
of visible cracks or particle detachment in the backbone and elec-
trolyte integrity justify the very little variation seen in Rs for this
test at the same nominal temperatures. The performance degrada-
tion observed during re-reduction can be attributed to Ni particle
sintering and coarsening, with stable performances being reached
after 10.2 h of re-reduction and up to 18.2 h of exposure. It is impor-
tant to notice that, even though the performance decreased with
time, the polarisation resistances at 10.2 h into the re-reduction
period remained lower than the initial value by approximately 60%.
Smaller Ni particles can also be seen for the test B cells (see Fig. 14c)
when compared to the reference cell (Fig. 14a). However, the aver-
age size of the particles increased in comparison with that from
test A, which have been subjected to a redox cycle at a signifi-
cantly lower temperature. The different microstructure seen after
cool down is possibly the combination of at least two factors. Firstly,
higher re-oxidation temperatures lead to larger NiO particles [25],
thus somewhat larger Ni grains on re-reduction could be expected.
This fact can at least partly explain why the performance improve-
ment seen after 2.2 h into the re-reduction is not as marked as seen
for the 650 ◦C case. The improvement in Rs seen for this case is
still not understood. However, it is possible that the phase reor-
ganisation taking place during re-oxidation and initial stages of
re-reduction could have improved the anode/electrolyte interfaces
and originally inactive areas and/or areas with poor percolation
were “recovered” in the new microstructural setup. Secondly, pro-
longed exposure to high temperatures is expected to increase both
the rate and the extent of Ni sintering. This can justify the larger Ni
particles and the higher degradation seen during the re-reduction
period at 850 ◦C. Re-oxidation of the anode can lead to increased
polarisation resistances due to crack formation within the anode
[26]. A careful analysis of Fig. 14c reveals the presence several small
cracks along the anode/electrolyte interface and what looks like
the on-set of particle detachment in the ScYSZ backbone which,
in addition to larger Ni grains, would explain the poorer perfor-
mance (both in Rs and Rp) of these cells once measured at 650 ◦C
(see Figs. 11 and 12). In comparison with the fingerprinting values,
Rp increased from 1.12 ± 0.06 � cm2 to 1.34 ± 0.07 � cm2 and the Rs

from 0.71 ± 0.02 � cm2 to 0.80 ± 0.01 � cm2. Higher re-oxidation
temperature implies larger volume expansion, which in turn can
affect the integrity of the backbone and electrolyte and ultimately,
cause total mechanical failure of the cell [26]. Such drastic conse-
quences have not been seen for the studied cells and, taking into
account the exposure times, very high primary reduction tempera-
ture and harsh reduction conditions, the cells exhibited satisfactory
redox stability. Summarising the results from the electrochemical
tests, redox cycling at low temperatures seems to offer a potential

means of improving anode performance or activating a degraded
cell, provided that the redox cycling does not create damage in
the ceramic backbone or interfaces. How durable the performance
improvement is depends on the operation conditions after the re-
reduction of the cell.
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. Conclusions

Different Ni-YSZ cermets were tested in dilatometry and ther-
ogravimetry for dimensional stability during redox cycling under

sothermal conditions at 850 ◦C. The dimensional stability was very
ependent on the microstructure so that the samples with high
orosity were the most stable. The cumulative redox strain, CRSmax,

ncreased by a factor of more than 20 when the as-sintered porosity
ecreased from 34 to 9%.

The most stable cermets tested showed a maximum CRSmax not
xceeding 0.1% during three redox cycles. Furthermore, the most
table cermets had a degree of redox reversibility, DRR, of nearly
nity during the three isothermal redox cycles at 850 ◦C. In addition
hey were macroscopically intact after the experiments.

Electrochemical testing on Ni-ScYSZ symmetric cells showed
hat while isothermal redox cycling at 850 ◦C did not significantly
lter the electrode performance, redox cycling of another cell with
imilar initial reduction treatment showed a 60% reduction in the
olarisation resistance when redox cycled at 650 ◦C.

The improvement in the electrochemical performance of the
node on low temperature redox cycling was attributed to the
hange in the microstructure of the electrode due to the redox
ycle. Smaller Ni grains and an undamaged ceramic structure were
bserved in the sample redox cycled at 650 ◦C.
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